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ABSTRACT

The Special Sensor Microwave Imager (SSM/I) is capable of mapping sea
surface roughness characteristics and sea foam coverage from space in most
weather conditions. The SSM/I also measures precipitation and water vapor

content of the atmosphere, providing a simultaneous weather analysis comple-
menting the sea surface roughness measurements. This combination of mea-
surements can provide input into numerical models of sound transmission in the
ocean-particularly those incorporating forward scattering from the sea surface,
absorption by bubbles, and the generation of noise by wind.

This technical note presents a demonstration of these capabilities for the
month of April 1991 for the Gulf of Alaska. An algorithm is applied to several
SSM/I passes to produce maps of root mean squared wave slope, percent sea
foam coverage, precipitation, and water vapor. Two wind events are treated
that were associated with the passage of low pressure systems into the gulf

from the southwest. A method of deriving significant wave height from wave
slope variance, using independent estimates of the dominant wavelength, is also
presented.
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Sea Surface Environmental Conditions in the Gulf of
Alaska During April, 1990 Using SSM/I

Introduction

The sea surface temperature (SST) climate in the Gulf of Alaska is domi-
nated by the subarctic front, located near 42°N, and the Alaskan Coastal Cur-
rent (ACC). Both of these features result from a cyclonic recirculation along the
Alaskan Coast of the Oyashio Current extension. Figure 1 is a map of mean SST
for April abstracted from Brower et al. (1977). The coolest water lies along the
Aleutian Island Chain with the water warming gradually toward the southeast.
There is no sea ice in the gulf; however, the ice pack in the Bering Sea just west
of the Aleutians extends down to near 580N. The shape of the isotherms in the
gulf reflects the warming effect of the westward flowing ACC.

The weather in the gulf is dominated by low pressure systems which move
into the gulf from the southwest. These systems keep the gulf cloud-covered
for most of the time. Atmospheric fronts moving south across the Alleutians
periodically dear out the clouds in the western Gulf allowing imaging of the
SST by the National Oceanic and Atmospherics Administration (NOAA) series
of weather satellites. Brower et al. (1977) report that the air column stability is
equally likely to be stable or unstable over the Gulf, with a standard deviation
in the distribution of air- sea temperature difference of about 3C.

The environmental data presented here includes (1) in situ data collected
from the NOAA Data Buoy #46003 located at 51.9°N, 155.9°W, (2) infrared
imagery from the Advanced Very High Resolution Radiometer (AVHRR) on the
polar-orbiting NOAA-10 satellite, and (3) the microwave radiometer scanner
data from the Special Sensor Microwave Imager (SSM/I).

Figure 2 is an infrared image of the western Gulf collected by the NOAA-10
satellite on 10 April. The ACC can be seen flowing southwest adjacent to the
Aleutian Island Chain. It appears to have been blocked by the presence of an
anticyclonic eddy centered at 53°N, 158°W.

Wind speeds recorded at NOAA Data Buoy #46003 were uncharacteris-
tically low for the month of April 1990. Brower et al. (1977) report a mean
wind speed for the month of April, near the buoy, of 9 m/s. However, the buoy
recorded two "wind events" during April. The first occurred on 5 April and
lasted 48 hours. Recorded wind speeds were approximately 12 m/s. The second
event occurred on 18 April and lasted for about 12 hours. Maximum wind speed
at this time was about 11 m/s. Figure 3 shows the buoy-recorded wind speed
records for these two events together with the air-sea temperature differences.
The thick arrows indicate the times at which the SSM/I passed overhead. The
air column was recorded as being in the stable regime for the duration of both
events. Figure 4 shows the wave elevation frequency spectrum recorded by the



buoy on 5 April and 19 April, respectively. Before presenting the data from the
SSM/I, I will present a brief description of this instrument.

Geophysical Information from the SSM/I

The SSM/I is a passive microwave radiometer that is mounted on the DMSP
satellite. The SSM/I antenna executes a conical scan of the earth's surface at a
constant incidence angle of 53.10 and collects data when the antenna is looking
aft (for F8) or forward (for F10). The radiometer operates at 4 frequencies, 19
GHz, 22 GHz, 37 GHz, and 85 GHz. Only the lower 3 frequencies are used in this
analysis. In addition, the 19 and 37 GHz employ two polarizations (horizontal
and vertical) each. These five channels are used, in combination, to discriminate
the geophysical quantities, water vapor, sea surface temperature, cloud water,
root mean squared (RMS) wave slope, and percent sea foam coverage, - one
from another. Each of these quantities is quadratically related to the five SSM/I
channels, described above, through the functional relationship:

where
= (WS FM CW WV SST),

Ti=(T9v T9H T22v T37v T37H

and

where
TO=(TgV T19H T22V T3 7V T3 7 H).

The SSM/I senses water vapor through a combination of vapor absorptive
and emissive properties-that is, the vapor absorbs radiation coming from the
sea surface, but radiates energy itself. RMS wave slope is sensed by a combi-
nation of polarization mixing and reflection of warm horizon temperatures into
the receiving antenna. Sea foam is sensed by its unusually "warm" signature
- the emissivity of foam is close to that of a black body in contrast with the
relatively cold background sea. Sea surface temperature is sensed in accordance
with Stefan-Boltzmann law, which states that a warmer body emits more ra-
diant energy than a cold body. The temperature sensitivity is rather weak at
the SSM/I frequencies, however. Clouds and rain are detected due to Mie and
Rayleigh scattering from water droplets and ice crystals.

I present, in this technical note, maps of percent sea foam coverage and RMS
wave slope due to their relevance to the scattering and absorption of acoustic



energy at the ocean surface. Additionally, maps of water vapor are presented
with regions of precipitation delineated so that the position of atmospheric fronts
can be seen relative to the gradients in sea surface properties. Also, the water
vapor concentration aids the interpretation of the sea foam maps since, in regions
of very high vapor, sea foam retrievals become difficult. In fact, the examples
included in this technical note show that the sea foam algorithm often returns
negative values when the water vapor concentration exceeds 20 kg/m 2 .

The surface pressure analysis provided by the National Weather Service
for the periods 5-6 April and 17-18 April are qualitatively summarized on the
atmospheric frontal maps shown in figure 5. In both cases lows move into the
Gulf of Alaska from the southwest. In each case a low moves over the NOAA
data buoy where it becomes stationary. The trailing cold front, then, rotates
cyclonically about the low, ultimately becoming a warm front.

Figures 6 and 7 show SSM/I wave slope, sea foam concentration, and water
vapor/precipitation for the 5-6 April time frame. RMS wave slope is measured
in units of wind speed. The reported wave slope is that value of wind speed which
woild exist in equilibrium with the sea under neutrally buoyant conditions. The
conversion to wave slope is accomplished through the expression,

2 = 0.003 + 0.00512W

(Cox and Munk, 1954).
At 0440 on 5 April a front approaches the buoy from the west and wave

slopes of 10 m/s are seen south of the buoy and along the approaching cold
front. Slopes at the buoy are seen to be about 8 m/s. Throughout the following
36 hours the wave slopes at the buoy location remain at about the same value;
however, during the 1621 pass on 5 April, values of 12 m/s to the southwest of
the buoy can be seen. The data bu6y r corded wind speeds from 11 to 15 m/s
during this time period-a factor of 1.5 greater than the equivalent wave slopes
recorded by the SSM/I. Since the atmospheric boundary layer is shown to be
stable according to the buoy temperatures, the sea state may be depressed below
what it would have been under neutrally buoyant conditions. High sea foam
values correlate with high wind speeds behind the front as would be expected.

Figures 8, 9, and 10 show the SSM/I data for the second wind event that oc-
curred during the 17, 18, and 19 April time window. Reference to figure 5 shows
that this event coincided with the confluence of two low-pressure systems-the
first system became stationary near the data buoy on 17 April and the second
low approached the first from the southwest on 18 April. Figure 8 shows a front
moving cyclonically around the stationary low on 17 April. Seas are fairly mild
in the vicinity of the buoy. Steeper slopes (8 m/s) appear to the south near
380N in advance of the approach of the second low-pressure system. On 18
April this disturbed area of sea has moved north to 48*N and exhibits slopes of
order 10 m/s. Slopes near the buoy still show moderate values of 3-4 m/s. On



the afternoon of 18 April sea slopes near the buoy increase to 5-6 m/s. By 0500
on 19 April the second low is approaching the buoy with the front extending
NW-SE (figure 10). Note that in the area of precipitation and high water va-
por the algorithm produces negative values for sea foam-coverage. SSM/I wave
slopes in the vicinity of the buoy are down to 4 m/s, in close agreement with
the buoy-reported wind speed.

Relevance of the SSM/I Data to Acoustic Scattering
from the Air-sea Interface

The model of the emissivity of a roughened sea incorporates the Kirchhoff
scattering approximation whereby it is assumed that the radius of curvature of
the surface is always much greater than en electromagnetic wavelength. For
electromagnetic scattering at the microwave frequencies of the SSM/I, the wave-
length lies between 1.8 cm and 8 mm, and the Kirchhoff assumption is almost
always satisfied. Similarly, for the forward scatter of acoustic energy from the
underside of the sea surface, the Kirchhoff approximation has been shown to
hold for wavelengths less than the correlation length that is typically the wave-
length of the dominant wave (Thorsos, 1988). Hence, for acoustic frequencies
less than 1000 Hz, the Kirchhoff approximation should hold.

However, within the Kirchhoff approximation, a second approximation must
be made in order to evaluate the scattering integral. For microwave scatter-
ing, the large amplitude approximation applies and results in the expression for
bistatic scattering coefficient:

0 (kqlUI) 2  q + (1)
- 4 22q2

where q is the wave slope variance, k, is the electromagnetic wavenumber, and
qz, qy, qz, and q are geometric factors (Ulaby et al., 1982). In this approximation,
scattering is largely incoherent.

However, for acoustic scattering from the underside of the sea surface, the
longer wavelengths, especially for frequencies between 30 and 1000 Hz, preclude
using the large amplitude approximation. Figure 11 shows the significant wave
height required at various incidence angles, for the large amplitude approxi-
mation (equation 1) to apply at different wavelengths. This approximation is
applicable only above acoustic frequencies of 1000 Hz for normal sea state con-
ditions.

Therefore, a small slope approximation is applied in the case of acoustic
scattering for RMS slopes less than 0.25. The bistatic scattering expression now
involves a coherent as well as a noncoherent contribution:

0 coh = rk' la0 26(q )6(q)e - 2 (2a)



002 2 (2 + q )12

'incoh (lao Jkl/2)eh n!n 4n)
n=I

where I is the coherence length of the surface, 6h' is the wave height vari-
ance, and 6 is the Dirac delta function. Note that equations 2a and 2b, which
describe acoustic scattering, use the sea surface height variance, wherear equa-
tion 1, which describes microwave scattering, uses the sea surface slope variance.
Therefore, in order to make the microwave measurement relevant to the acoustic
scattering problem, we must be able to derive the height variance from the slope
variance. The derivation of such a relationship is described in what follows.

Obtaining Significant Wave Height from Wave Slope Variance

As shown by Ulaby et al. (1981), Appendix 12F, the surface height variance
may be related to the slope variance through the normalized autocorrelation
function, p(r):

2 = S_
01 - ,(0). (3)

Hence, if p were known, the microwave radiometer measurement of a, could be
used to infer ah

I propose that the wavenumber energy spectrum can be approximated as a
Gaussian with zero mean-at least in the "equilibrium" range of wavenumbers.
Since the second derivative of the autocorrelation function is the transform of the
power spectrum weighted by k2 , the most important contributions to p will come
from the high wavenumber end of the spectrum. The error due to the disparity
between the Gaussian and the real sea wave spectra at low wavenumbers will,
therefore, be minimized. The problem then reduces to fitting the candidate
spectral function,

P(k)= A- e2/4p (4)

to a canonical form of the wavenumber spectrum, the Pierson-Moskowitz (P-M)
spectrum,

P(k) = .159k - ,5 ep[-1.25( k ma/kJ. (5)

Here the P-M spectrum has been converted to a wavenumber spectrum
from a frequency spectrum by substituting the dispersion relation for deep-water
waves. kma-, in equation 5 can be interpreted as the dominant wavenumber-the
wavenumber corresponding to the peak in the power spectrum.

Equation 4 is then fit to the P-M spectrum for wavenumbers in the equi-
librium range. Figure 12-shows the fit for a dominant wavelength of 10 m (light



wind). Fits are performed for dominant wavelengths of 100, 50, 40, 30, 20, and 10
m and the resulting fitting parameters, p, are plotted against the corresponding
ka in figure 13. The data fit the polynomial,

p- .512k2  (6)

quite closely.
The candidate spectral function, equation 4, corresponds to the following

Gaussian normalized autocorrelation function through the Wiener-Khinchin the-
orem:

p(r) = e-"'. (7)

p".(0), then becomes,
p"(0) r- -2p

or p"(J) (8max,, (8)

after substituting from equation 6, above. Finally, equation 3 becomes

2 
(9)

after substitution from equation 8. Equation 9 quantifies the observation that,
for waves of given significant wave height, the waves are steeper, the shorter
the dominant wavelength. But more importantly, if we are to relate the wave
slope variance provided by the SSM/I to the wave height variance desired by the
acoustic scattering modelers, we must have a minimal knowledge of the wave
number spectrum-the wave length of the dominant wave.

For the period of April 1990, treated here, I use the peak frequency measured
at the NOAA data buoy #46003 (See figure 4) and convert it to a dominant wave
number in order to translate maps of RMS wave slope into maps of significant
wave height (SWH). Examples for 5 April and 18 April are shown in figures 14
and 15.

DISCUSSION

The U.S. Navy acquired a powerful tool for the analysis of the sea surface
roughness characteristics with the launch of the first SSM/I in June of 1987.
This microwave radiometric scanner is sensitive to both the sea surface emis-
sive properties and the atmospheric water vapor and doud water. Although
this sensitivity to a multitude of air and sea surface characteristics complicates
the parameter retrieval problems, it also affords the opportunity to observe at-
mospheric forcing (water vapor fronts and precipitation) functions and the sea



surface response (whitecap population and RMS wave slope) to these functions
simultaneously.

This information can be particularly valuable to the estimation of acousti-
cally relevant properties of the sea surface-ambient noise source levels, absorp-
tion by bubble clouds, and surface scattering by ocean waves.

I have presented sexeral examples of analysis maps, derived from SSM/I
data, that can be use'. to nowcast and hindcast the performance of acoustic
systems that .iepend on surface reverberation, ambient noise, and surface ab-
sorption from bubble clouds. To date, the surface scattering properties of the sea
surface have been parameterized by the sea surface height variance (Ex: Clay
and Medwin, 1977). Since the SSM/I is not directly sensitive to the wave height
variance but to the wave slope variance, a method of relating these two quanti-
ties must be found in order to make SSM/I data relevant to present theories of
surface scatter. I have outlined how this can be done, providing we have some a
priori knowledge of the wave field-the dominant wave length. This independent
piece of information is not available from the SSM/I, but must be derived from
another source - satellite Synthetic Aperture Radar data, in situ buoy data,
or modeled predictions of wave spectra as is produced by the Global Spectral
Ocean Model in operation at the Fleet Numerical Oceanography Center.

In addition to a tool for post-analysis of acoustic data, the SSM/I data is
also useful as a real-time planning aid for the optimal deployment of acoustic
platforms during acoustic exercises.
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Figure 3. Wind speed and air-sea temperature difference recorded by the NOAA Data buoy #46003
located at 51.9'N 155.7 0 W. Solid arrows indicate times of the SSM/I overpass: (a) Wind event of
5-6 April (b) Wind event of 18-19 April.
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Figure 4. Elevation power spectra recorded by NOAA Data Buoy #46003 on (a) 5 April and on (b)
19 April.
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Figure 5. Frontal analysis derived from National Weather Service surface pressure analysis for 5-6
April and for 17-19 April. Low pressure systems move into the Gulf of Alaska from the southwest.
Wind event of 5-6 April is associated with the arrival of a low pressure system. Event of 18 April is
associated with steepening of pressure gradients between two "lows."



Figures 6-7. SSM/I - derived RMS wave slope, sea foam coverage, and water vapor under the satellite
track. Heavy black dot indicates the location of NOAA Data Buoy #46003. Areas of precipitation
are denoted by blackened regions on water vapor contours. Note steep waves and heavy whitecapping
on 5 April at 1621Z behind front extending southward from data buoy.
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Figures 8-10. SSM/I-derived RMS wave slope, sea foam coverage, and water vapor under the satellite
track for 17-19 April. Steep waves and heavy whitecapping occur 800 km directly south of the buoy
on 18 April. Negative values for sea foam indicate that retrieval algorithm was not able to overcome
the effect of high water vapor concentration.
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Figure 11. Kirchoff ''large amplitude" acoustic wave approximation is valid in region to the right of
the relevant curve. Each curve is parameterized by the incident angle at which the acoustic wave
impinges on the sea surface. The X axis is acoustic frequency. Under most realistic sea conditions
this approximation holds for incident angles less than 60 and for frequencies greater than 1 KHz.
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Figure 12. A Pierson-Moskowitz spectrum for a 10 m dominant wavelength superimposed on the
best-fit Gaussian function. The least-squares fit is performed only for wavelengths greater than the
dominant wave i.e., for the "equilibrium" range.
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